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Abstract: This paper examines how the initial austenite grain size in quench and partitioning (Q-P)
processes influences the final mechanical properties of Q-P steels. Differences in austenite grain size
distribution may result, for example, from uneven heating rates of semi-finished products prior to a
forging process. In order to quantify this influence, a carefully defined heat treatment of a cylindrical
specimen made of the Q-P-capable 42SiCr steel was performed in a dilatometer. Different austenite
grain sizes were adjusted by a pre-treatment before the actual Q-P process. The resulting mechanical
properties were determined using the upsetting test and the corresponding microstructures were
analyzed by scanning electron microscopy (SEM). These investigations show that a larger austenite
grain size prior to Q-P processing leads to a slightly lower strength as well as to a coarser martensitic
microstructure in the Q-P-treated material.

Keywords: quench and partitioning (Q-P) process; austenite grain; martensitic microstructure;
mechanical behavior; upsetting test

1. Introduction

The development of new steel grades, characterized by very high strengths and reasonably
good ductility (i.e., advanced high strength steels; AHSS), is a key requirement to realize innovative
light-weight concepts. For instance, in recent years, the press hardening process for the production of
sheet metal components from manganese–boron steels has been researched in depth [1].

In this paper, a 42SiCr steel is studied. This steel grade provides a good opportunity to produce
advanced high strength products using bulk forming processes and a subsequent Q-P process. In this
Q-P process (shown schematically in Figure 1), the austenitic material is quenched rapidly to promote
the martensitic transformation, but the cooling is stopped at a quench-temperature QT prior to reaching
the martensite finish temperature. This results in a microstructure composed of martensite and
some retained austenite. Then, the material is briefly held at constant temperature (the partitioning
temperature; this temperature is typically somewhat higher than the quench-temperature to increase
diffusion rates). Diffusion of carbon from the supersaturated martensite into the adjacent austenite
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occurs during this short, low-temperature heat treatment and results in stabilization of the retained
austenite [2]. This is allows to maintain volume fractions of, for example, about 10% of retained
austenite even after subsequent cooling to room temperature (see [3]). The resulting Q-P steels typically
exhibit good ductility in addition to high strength: carbon diffusion contributes to a partial reduction
of the internal stresses in the martensite phase and this, combined with the more ductile retained
austenite makes the material no longer as brittle as conventional fully martensitic steels.
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Figure 1. Schematic representation of the Q-P process as a two-step process, after [2]. During the
partitioning step, carbon-enrichment in austenite leads to its (partial) stabilization. While during
subsequent cooling, some fresh martensite is formed, a volume fraction of about 10% of retained
austenite remains.

In various investigations, alloy concepts for the Q-P process have been developed, starting from
low-alloyed steel grades [4–7] up to stainless steels [8]. The main alloying elements are Mn, Si,
and sometimes Cr and Ni. It has been shown that optimum QT temperatures depend on the alloy
composition, and that the PT temperature should be between 180 ◦C and 400 ◦C [8]. Furthermore, it
was demonstrated that the mechanical properties can be influenced by partitioning time because the
microstructural evolution is based on diffusion-controlled processes [4,5]. In [9], Q-P processes with
different time-temperature regimes were investigated on the steel 42SiCr. Q-P processes, which are
comparable to heat treatment route 1 (used in this paper), were also investigated. After this thermal
treatment, a retained austenite content of ~8% could be detected. The resulting mechanical properties,
measured by tensile testing, were characterized by a maximum strength of 2,000 MPa and an elongation
at fracture of ~15%.

Other possible influencing factors, such as the initial microstructural state in austenite prior to
quenching, have not yet been investigated in detail. In this work, the influence of austenite grain
size at the beginning of the Q-P process on the resulting microstructures and mechanical properties
is investigated in a 42SiCr steel using a carefully controlled laboratory Q-P process performed in a
dilatometer. This investigation is motivated by the observation that heating of forged components takes
place from the outside to inside (e.g., in the radiant oven). The outer regions reach the austenitizing
temperature sooner than the inner regions, and therefore more pronounced grain growth can take
place in the outer regions before the actual Q-P treatment is applied.
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2. Materials and Methods

2.1. Materials

The material used for the experimental investigations was an AHS steel 42SiCr with the
chemical composition summarized in Table 1. The chemical composition was determined using
a SPECTROMAXx metal analyzer (SPECTRO Analytical Instruments GmbH, Kleve, Germany) in
combination with optical emission spectrometry (OES).

Table 1. Chemical composition of the AHS steel 42SiCr.

C Si Mn Cr Mo Al Nb Fe

0.42 2.00 0.60 1.30 0.03 0.008 0.03 balance

The semi-finished product was a 10 mm thick plate made by hot rolling and final annealing.
The steel for the semi-product was prepared by a standard metallurgical vacuum process and cast into
molds. The 2000 kg block was gradually hot rolled to a diameter of 150 mm and then to a 10 mm plate.
The plate was slowly cooled from the end-rolling temperature of 900 ◦C to RT. Finally, the plate was
normalized at 860 ◦C for 4 h and then slowly cooled down to RT. From this plate, cylinder specimens
with a height H = 8 mm and a diameter D = 4 mm were cut (cylindrical axis in thickness direction) by
means of wire EDM (electrical discharge machining). The front faces of the specimens were ground
plane. The semi-finished product and a specimen are shown in Figure 2.
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Figure 2. Semi-finished product and specimen produced by wire-cut EDM.

The hardening behavior of the normalized steel 42SiCr was determined by upsetting tests.
The corresponding flow curve is shown in Figure 3. The flow curve shows that in the normalized state
the material had an initial flow stress of ~500 MPa and hardened to ~1,150 MPa at a plastic strain of 0.3.

To document the microstructure of the AHS steel 42SiCr, optical microscopy (Zeiss, Oberkochen,
Germany), after etching with alcoholic nitric acid (2%) etchant, was performed. Figure 4 shows an optical
micrograph of the normalized steel. In this material state, there is a perlitic-ferritic microstructure.
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2.2. Method of Heat Treatment

The subsequent heat treatments of the cylindrical specimens were carried out on a forming and
quenching dilatometer “DIL 805 A/D” (Bähr Thermoanalyse GmbH now TA Instruments, Hüllhorst,
Germany). On the one hand, specimens were produced for subsequent mechanical testing in the
upsetting test and for SEM analysis of the resulting microstructures. On the other hand, additional
specimens were quenched after austenitizing or different pre-treatments in order to preserve the current
microstructure and thus to be able to determine austenite grain size prior to the Q-P process. This was
done by optical microscopy, after etching with Vilella etchant (100 mL of ethanol, 5 mL of HCl and 1 g
of picric acid).

In a first step, the Q-P treatment of the as-delivered material was carried out as shown schematically
in the temperature-time profile in Figure 5. The figure also shows the quenching process for determining
austenite grain size.

In order to analyze the influence of austenite grain size on mechanical properties and
microstructural features, different heat treatment routes were studied, leading to an increase in
austenite grain size before the beginning of the Q-P process (heat treatment routes 2 and 3, Figures 6
and 7). These heat treatments were subdivided into the sections “pre-treatment to influence the
austenite grain size” and the actual “quenching and partitioning process” performed afterwards. To
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produce a coarse-grained microstructure prior to the Q-P process, the specimens were heated within
180 s to 1,100 ◦C and held at this temperature for 1,200 s (see Figure 6) and 4,800 s (see Figure 7),
respectively, then cooled to 950 ◦C in 60 s. After a holding time of 150 s, the final Q-P treatment
took place.
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2.3. Determination of Mechanical Properties

The mechanical properties of the differently thermally treated specimens were determined by
upsetting tests on a Quasar 50 kN universal testing machine (Galdabini S.p.A, Cardano Al Campo,
Italy). Carbide punches made from K-40UF (hardness: 1610 HV 30, flexural strength: >4,200 MPa)
were used as upsetting tools. These tool strengths were required to determine the expected high
strengths of the material without tool damage. The experimental setup is shown in Figure 8.
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The upsetting tests were carried out with a constant punch speed of 0.07 mm/s and a punch stroke
of 4 mm. Both the punch force and the stroke were measured in order to calculate the corresponding
flow curves at room temperature. Graphite spray was used to reduce friction. The flow curves were
also determined taking into account the necessary correction of friction as described for instance in [10].

2.4. Microstructure Analysis after Q-P Treatment

For microstructure analysis after Q-P treatment, samples were cut from the center of the cylinders
and embedded in epoxy resin. Grinding and polishing was carried out on a TegraPol-35 system equipped
with a Tegra-Force-5 (STRUERS GmbH, Willich, Germany) for defined polishing pressures. After final
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polishing with colloidal silica suspension (OP-U, STRUERS GmbH, Willich, Germany) the samples were
immersion-etched for 4 s in ethanol containing 2% nitric acid. The samples were partially masked with
aluminum foil and coated with a thin carbon layer to reduce surface charging in the SEM. Scanning
electron micrographs of the etched and demasked sample surfaces were obtained in a NEON 40 EsB
field-emission SEM (Carl Zeiss AG, Oberkochern, Germany) operated at an acceleration voltage of 5 kV.

2.5. Determination of Fraction of Retained Austenite

For determining the fraction of retained austenite, X-ray diffraction (XRD) measurements were
performed utilising a D8 Discover diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with
Co-Kα radiation (40 kV, 40 mA, point focus), a collimator with 1 mm diameter and an energy-filtered
1D Lynxeye XE detector. The evaluation of the phases’ mass fractions (austenite and martensite)
was performed using the Rietveld method as implemented in the TOPAS code (Bruker AXS GmbH,
Karlsruhe, Germany).

3. Results and Discussion

3.1. Analysis of Austenite Grain Size

In order to document the austenite grain size at the beginning of the Q-P process, specimens were
quenched after the pre-treatment to preserve the microstructure. Figure 9 shows the micrographs after
quenching. Due to the quenching, a fully martensitic microstructure is observed. The former austenite
grain boundaries are clearly visible. Austenitizing by heating to 950 ◦C and holding the temperature
for 150 s results in an average austenite grain size (determined by line intersection method) of 11 µm.
The pre-treatments of routes 2 and 3 lead to a significant growth of the austenite grains. After annealing
for 1,200 s at 1,100 ◦C, an austenite grain size of 60 µm is achieved (route 2). Increasing the annealing
time to 4,800 s leads to an austenite grain growth to ~80 µm (route 3).
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While the samples exhibit a fully martensitic microstructure after quenching, the former austenite grain
boundaries can clearly be observed after etching.

3.2. Upsetting Tests

In order to analyze the influence of the austenite grain size on the mechanical properties after the
Q-P process, upsetting tests were carried out on samples prepared by the heat treatment routes 1–3.
The cylindrical specimens were compressed at room temperature from an initial height of 8 mm to a
final height of 4 mm. Regardless of the heat treatment, it was observed that the forming limit of the
specimen was already exceeded at a punch stroke of 1 mm and that brittle fractures occur. Figure 10
shows the undeformed specimen (left) and the compressed specimen at a punch stroke of 4 mm (right).
The compressed specimen shows a shear deformation instead of the typical bulging of ductile materials
in the upsetting test.
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Consequently, in order to compare the mechanical properties of the different samples, the
evaluation of the force-displacement curves was carried out only up to a punch stroke of 1 mm, because
until then no material damage occurs. The flow curves were calculated from the force–displacement
curves and are shown in Figure 11. The qualitative course of the flow curves (i.e., hardening behavior) is
independent of the austenite grain size at the beginning of the Q-P process. However, some differences
occur in terms of the maximum flow stresses achieved by work hardening. The maximum flow
stress that can be achieved by work hardening is slightly depending on the austenite grain size at the
beginning of the Q-P process. It can be seen that larger austenite grains prior to the Q-P process lead to
a reduced maximum flow stress. Thus, the maximum flow stress of 2,165 MPa with a grain size of
11 µm was reduced to 2,040 MPa with a grain size of 80 µm.
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3.3. SEM Analysis

The SEM micrographs document the influence of different prior austenite grain size on the number
and size of lath packages within individual grains, Figure 12. The heat treatment route 1 (Q-P treatment
of the initial material) results in finely divided martensitic plates and only few different plate packages
within each grain. Coarse grain annealing in heat treatments 2 and 3 prior to the Q-P process, led to
somewhat longer martensitic plates. In addition, the number of plate packages per grain also increased,
while the average width of individual plates remained nearly unaffected. These slight differences
in the final microstructure of the martensitic morphology after the heat treatments were carried out
agree with the results on the corresponding mechanical properties. The tendency is for finer, dispersed
martensitic plates, resulting from small austenite grains, to provide higher strength.

Metals 2019, 7, x FOR PEER REVIEW  9 of 11 

 

 
Figure 11. Flow curves at room temperature and strain rate of 0.01 s−1. 

3.3. SEM Analysis 

The SEM micrographs document the influence of different prior austenite grain size on the 
number and size of lath packages within individual grains, Figure 12. The heat treatment route 1 (Q-
P treatment of the initial material) results in finely divided martensitic plates and only few different 
plate packages within each grain. Coarse grain annealing in heat treatments 2 and 3 prior to the Q-P 
process, led to somewhat longer martensitic plates. In addition, the number of plate packages per 
grain also increased, while the average width of individual plates remained nearly unaffected. These 
slight differences in the final microstructure of the martensitic morphology after the heat treatments 
were carried out agree with the results on the corresponding mechanical properties. The tendency is 
for finer, dispersed martensitic plates, resulting from small austenite grains, to provide higher 
strength. 

 
Figure 12. Final microstructure/martensitic morphology after the corresponding heat treatments: prior
austenite grain boundaries are highlighted as dashed lines.



Metals 2019, 9, 577 10 of 11

3.4. Fraction of Retained Austenite

The fraction of retained austenite was determined using X-ray diffraction (XRD) measurements,
as described briefly in Section 2.5. The resulting fractions of retained austenite after heat treatment
routes 1–3 and the austenite grain sizes are summarized in Table 2. The highest fraction of retained
austenite of 9.9% was reached if no pre-treatment to influence the austenite grain size took place.
Annealing at 1,100 ◦C for 1,200 s led to a slight reduction of the retained austenite fraction to 9.5%.
If the annealing time was increased to 4,800 s of the pre-treatment process, the retained austenite
fraction was more strongly reduced to 7.2%. While this trend of reduced retained austenite volume
fraction appeared to be in correlation with an increasing grain size, we note that the changes of retained
austenite fraction were of the same order of magnitude as the accuracy of XRD measurements (which
is typically about +/-1–2%).

Table 2. Fraction of retained austenite concerning to the heat treatment route.

Heat Treatment Route Grain Size in µm Fraction of Retained Austenite in %

1 11 9.9
2 60 9.5
3 80 7.2

4. Summary and Conclusions

The present work analyzed the influence of austenite grain size at the beginning of identical Q-P
processes on mechanical strength. In principle, through the Q-P treatment of the material, maximum
flow stresses of more than 2,000 MPa (determined by means of an upsetting test) could be achieved.
This corresponds to an increase in the maximum flow stress by 850 MPa compared to that of the
normalized material state. The results of the upsetting test also demonstrated that the mechanical
properties are almost independent of the austenite grain size at the beginning of the Q-P treatment.
The coarsening of the initial austenite grain size (immediately before quenching) from ~11 µm to
~80 µm leads to a reduction of the subsequent maximum flow stress by only 5%. Clearly, a larger
initial austenite grain size leads only to a slightly lower flow stress. By means of SEM analyses, it
could be further shown that a larger austenite grain size leads to slightly longer/coarser martensitic
needles (but this effect is also relatively small). Additional XRD measurements showed that the
presented Q-P process achieves a retained austenite fraction of approx. 10%. Annealing treatments
that increase the grain size seem to be related to a slight decrease of the austenite volume fraction.
Nevertheless, the mechanical properties in the upsetting test are hardly influenced by the fraction of
retained austenite in the range of 7.2% to 9.9%.

While the microstructural and mechanical effects of austenite grain size are relatively small, they
nevertheless provide important outlooking information for forging processing of the 42SiCr alloy:
as shown, e.g., in [11], different grain sizes occur over the cross-section of the final component after
die forging as a result of recrystallization processes. If such a forged component is subjected to a
subsequent Q-P treatment, different austenite grain sizes will also be present after austenitizing. Due
to the fact that the influence of austenitic grain sizes on the final strength in the component after the
complete Q-P process would be small, as shown in the present work, the proposed Q-P process is
suitable for tempering forged components to high-strength components in an additional process step.
Furthermore, a homogeneous strength can be achieved since the influence of the previous forging
process, in particular the resulting austenite grain sizes, is low.
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